A new photoresist for 157 nm lithography on the basis ofpoly[(2-hydroxy-3-pinanyl vinyl sulfonate )-co-4-(I, 1, 1,3,3,3-hexafluoro-2-hydroxypropyl)styrene] [poly(VS03Pina73-co-HFISt27)] and triphenylsulfonium perfluoro-l-butanesulfonate (TPS-Nt) as a photoacid generator (PAG) has been developed. Poly(VS0 3 Pina-co-HFISt)s were prepared by free radical polymerization of VS0 3 Pina with HFISt.
Introduction
Optical lithography continues to extend its resolution limit and may reach the 65-nm node using a l57-nm technology. [1] A polymer designed for 157-nm lithography has to compromise properties such as high transparency, etch resistance, and a chemically amplified solubility change. In particular, high transparency at 157 nm is the most important factor in the design of photoresist materials because most common lithographic materials, including commercial photoresists, strongly absorb the 157run radiation. Since highly fluorinated polymers are sufficiently transparent in this region, poly(methyl a-trifluoromethylacrylate), [2] poly [4- (1,1,1,3,3,3-hexafluoro-2-hydroxypropyl)styrene] [poly(HFISt)], [3] poly[5-(2-trifluoromethyl-l, 1, 1-trifluoro-2-hydroxypropyl)-2-norbornene], [4] and other fluorinated polymers [5] have been reported as single-layer photoresists for 157-nm lithography.
On the other hand, dissolution inhibitor for 157nm have been reported. [6] In previous papers, we reported that timedependent density functional theory (TD-DFT) calculations using the B3LYP hybrid functional with the 6-311 ++0( d,p) basis set is a very useful tool to predict the transparency of molecules in the VUV regio~ and in particular, useful for the design of photoresist materials for F2 lithography. [7] On the basis of this calculation method, copolymers from vinyl sul fonyl fluoride or vinyl sulfonates with HFISt have been found to be quite transparent at 157 nm, and their tertbutoxycarbonyl (t-BOC)-protected copolymers ]. Photopolym. Sci. Technol., Vo1.16, No.4, 2003 functioned as positive alkaline developable 157run resists.
[8] Recently monosulfonates of 2,3pinanediol was reported to exhibit excellent storage stability and non-linear acid-proliferation ability, and to markedly enhance photosensitivity of chemically amplified photoresists for 193-run photolithography. [ 
Experimental 2.1. Materials
Dichloromethane was dried over CaR 2 and distilled from P 2 0 5 . 0.,0.' -Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol. Propylene glycol monomethyl ether acetate (PGMEA) was used as a casting solvent. Column chromatography was carried out using silica gel 60 (Merck 0.063-0.200 mm). Other reagents and solvents were used as received. [11] Powdered phosphorus pentachloride (500 g, 2.4 mol) and dried sodium isethionate (100 g, 0.68 mol) were mixed, and the resulting solution was refluxed at 130°C for 9 h. The solution was cooled to room temperature, poured on ice, and stirred in ice-water until unreacted phosphoryl chloride had completely reacted with water.
Synthesis of 2-chloroethanesulfonyl chloride
The oil was separated, taken up in toluene, and dried over calcium chloride. After removing the solvent with a rotary evaporator, the residue was distilled to give 2-chloroethanesulfony1 chloride as colorless oil. Yield; 78 g (70%, 80-81 °C/ 1 0 mmHg) IR 
Synthesis of 2-hydroxy-3-pinanyl vinyl sulfonate (VSOJPina) [8a]
To a 500 mL three-necked round-bottomed flask, equipped with a magnetic stirring bar, a dropping funnel, and a reflux condenser protected from moisture by a CaCh drying tube were added 2-chloroethanesulfonyl chloride (4.90 g, 30.4 mmol), (IS,2S,3R,5S)-(+)-pinanediol (5.00 g, 29.4 mmol), and dichloromethane (50 mL). The flask was cooled with ice-water, and pyridine (5 mL, 65 mmol) was added to the well-cooled solution for 0.5 h through a dropping funnel under nitrogen flow. After the mixture was stirred at room temperature for 1.5 h, it was washed with a cold 10% aqueous Na2C03 solution and water three times. The organic layer was separated, dried over magnesium sulfate, and concentrated under the reduced pressure. The product was purified by column chromatography (CH 2 Ch as an eluent). 
Copolymerization of VSOJPina with HFISt
Typical procedure; VSO~ina (0.30 g, 1.2 mmol), HFISt (0.31g, l.2mmol), and AIBN (8 mg, 0.048 mmol) were placed in a tube followed by several cycles of freeze and thaw. The tube was sealed and heated at 40°C for 48 h. The polymerization mixture was transferred into a flask, and concentrated under the reduced pressure. The polymer was purified with dissolving in acetone and reprecipitation with hexane, and this was repeated in three times. The precipitate was collected, dissolved in acetone, poured into water, and dried in vacuo at 40°C for 6h, giving the copolymer as a white powder. The yield was 0.2 g (33%).
IR (KBr): v 3400(0-H), 2931(C-H), 1334(-S03-), 1214 (C-F) em-I
Lithographic evaluation
Resist films were prepared by casting a solution in PGMEA on silicone wafers. Pre-bake was perfonned at 100 ·C for 60 sec. 4wt% TPS-Nfwas used as a photo acid generator (PAG). Post exposure bake (PEB) was perfonned at 105·C for 60 sec. The 157-nm exposure was carried out with a F 2 laser exposure system. The resists were developed with 0.6 wt % aqueous TMAH solution at 25°C for 60 sec.
Measurements
FT -IR spectra were measured with a Horiba FT -720 spectrophotometer.
lH and l3C NMR spectra were recorded with a BRUKER DPX-300 spectrometer.
Number . The structure of VS0 3 Pina was determined by infrared, UV-visible, lH, l3C NMR spectroscopy, and elemental analyses.
The IR spectrum exhibited characteristic alcohol and sulfonyl ester absorptions at 3536 and 1357 cm-l , respectively. Figure 1 shows the lH NMR spectrum of VSO~ina. The lH-NMR spectrum consists of two doublet and doublet-doublet signals for vinyl protons (8 =6.16, 6.47, and 6.66 ppm), a singlet for hydroxyl proton, and a quartet for a methine proton 
Copolymerization of VS0 3 Pina with HFISt
Free radical copolymerization of VSO~ina 0.3 g (1.2 mmol) with HFISt 0.31 g (1.2 mmol) was carried out in bulk using an equimolar ratio of VS0 3 Pina and HFISt at 40°C for 48 h in the presence of AIBN 8 mg (0.047 mmol) as a radical initiator (Scheme 2, run 1 in Table 1 ).
Polymerization proceeded smoothly, giving the high molecular weight copolymer (white powder). A molar ratio of VS0 3 Pina and HFISt in the copolymer determined by a sulfur analysis was 23 mol% and 73 mol%, respectively. The Mn of the copolymer was 190,000, which is excessively high for the use of photoresist materials. Thus, solution polymerizations were then investigated to obtain lower Mn copolymers. In addition, since the dissolution rate of the copolymer was too high, the higher molar ratio of VSOJPina in the copolymer is required to decrease the solubility to aqueous TMAH solution. When the monomer feed ratio of VSOjPina and HFISt was 5: I, the copolymer composition ratio of VSO~ina (45 mol%) and HFISt (55 mol%) was obtained (run 2).
On the other hand, the copolymer composition of VSOjPina (73 mol%) and HFISt (27 mol%) was obtained when the monomer feed ratio of VSOjPina and HFISt was 10:1 (run 3). The resulting poly(VSOjPina73-co-HFISt27) was almost insoluble in 0.6 wt% aqueous TMAH solution. Thus, the appropriate feed ratio ofVSOJPina and HFISt was determined as 10:1. Under the 1 mollL monomer concentration, the Mn of the copolymer was reduced to 16,800 (run 4).
Copolymers were identified as the expected poly(VSO~ina-co-HFISt)s by IR and IH NMR spectroscopy, and elemental analysis. The IR spectrum of the poly(VS0 3 Pina-co-HFISt) exhibited a characteristic O-H bond stretching at 3400 cm-1 and a sulfonate stretching at 1334 cm-l .
In the 1 H NMR spectrum, the vinyl protons of VSOjPina and HFISt at around 6.5 ppm completely disappeared. Transparent films were prepared by spincasting a PGMEA solution of poly(VSO~ina-co HFISt)s on a silicon. The transmittance of the resulting poly(VSOjPina73-co-HFISt27) film was measured with a VUV spectrophotometer and it was found that poly(VSOjPina73-co-HFISt27) film was quite transparent at 157 nm.
Lithographic Evaluation
A preliminary formulation was made by dissolving poly(VSOjPina73-co-HFISt27) and 4 wt% TPS-Nf as a PAG in PGMEA. The resist film showed an on value of 3.6 J.llIl-I .
Lithography characteristics were studied using a F2 laser exposure system "VUVES-4500" (LithoTech Japan). The sensitivity curve as shown in Figure 2 indicates that the sensitivity and contrast are 10 mJ cm-2 and 6, respectively, when a 120 nm-thick resist film pre-baked at 100°C for 60 sec was exposed to 157-nm laser, post-baked at 105°C for 60 sec, and followed by developed with 0.6 wf>1o aqueous TMAH solution. The 2-hydroxy-3pinanyl sulfonate group is responsible for photoacidolysis, giving an alkaline developable sulfonic acid (Scheme 3). A 140 nm lines and spaces pattern that was minimum pattern size on the mask was obtained in a 120 nmthick film using a 0.6wt% TMAH aqueous solution by F2laser contact exposure (Fig.  3 ). This result indicates the poly(VS03Pina73-co-HFISt27) would work as a high-sensitive and highcontrast resist platform.
Conclusion
A Novel copolymer from VSO~ina and HFISt was prepared by free radical polymerization, in which the VS0 3 Pina unit was responsible for the polarity change and the HFISt unit for the alkaline solubility.
The poly(VSO~ina73-co HFISt27) showed a low on of3.6 jll1l-1. The resist system based on the poly(VSO~ina73-co HFISt 27 ) and TPS-Nf showed a high sensitivity of 10 mJ cm-2 and a contrast of 6 as a 157 nm resist, and its OD was 3.6. This resist showed a high resolution of 140 nm by F2 laser contact exposure.
